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Hypoxic preconditioning protects rat hearts against
ischaemia–reperfusion injury: role of erythropoietin on
progenitor cell mobilization

Jih-Shyong Lin1, Yih-Sharng Chen2, Han-Sun Chiang3 and Ming-Chieh Ma3

1Department of Medical Research, Tao-Yuan General Hospital, Taoyuan, Taiwan
2Department of Cardiovascular Surgery, National Taiwan University Hospital, Taipei, Taiwan
3School of Medicine, Fu Jen Catholic University, Hsinchuang, Taiwan

Preconditioning, such as by brief hypoxic exposure, has been shown to protect hearts against
severe ischaemia. Here we hypothesized that hypoxic preconditioning (HPC) protects injured
hearts by mobilizing the circulating progenitor cells. Ischaemia–reperfusion (IR) injury was
induced by left coronary ligation and release in rats kept in room air or preconditioned
with 10% oxygen for 6 weeks. To study the role of erythropoietin (EPO), another HPC + IR
group was given an EPO receptor (EPOR) antibody via a subcutaneous mini-osmotic pump
3 weeks before IR induction. HPC alone gradually increased haematocrit, cardiac and plasma
EPO, and cardiac vascular endothelial growth factor (VEGF) only in the first two weeks. HPC
improved heart contractility, reduced ischaemic injury, and maintained EPO and EPOR levels
in the infarct tissues of IR hearts, but had no significant effect on VEGF. Interestingly, the
number of CD34+CXCR4+ cells in the peripheral blood and their expression in HPC-treated
hearts was higher than in control. Preconditioning up-regulated cardiac expression of stromal
derived factor-1 (SDF-1) and prevented its IR-induced reduction. The EPOR antibody abolished
HPC-mediated functional recovery, and reduced SDF-1, CXCR4 and CD34 expression in IR
hearts, as well as the number of CD34+CXCR4+ cells in blood. The specificity of neutralizing
antibody was confirmed in an H9c2 culture system. In conclusion, exposure of rats to moderate
hypoxia leads to an increase in progenitor cells in the heart and circulation. This effect is
dependent on EPO, which induces cell homing by increased SDF-1/CXCR4 and reduces the
heart susceptibly to IR injury.
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Effective cardioprotection against ischaemia–reperfusion
(IR) injury is one of the most important goals of
experimental and clinical research in cardiology. The
increased survival of cardiomyocytes subjected to IR
injury can be achieved by prior repeated exposure to
sublethal ischaemia or hypoxia, a phenomenon known
as preconditioning (Murry et al. 1986; Cai et al. 2003).
The first description of the protective effect of hypoxic
preconditioning (HPC) was in the heart (Bernhardt
et al. 2007), and the effects of HPC on the tissues of
experimental animals depend on the protocol of hypoxic
exposure used (Clanton & Klawitter, 2001; Neubauer,
2001). However, adapting whole animals to chronic
intermittent hypoxia as an HPC has been shown to
increase cardiac tolerance to the major deleterious
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consequences of myocardial infarction caused by acute
oxygen deprivation (Kolár & Ost’ádal, 2004; Lachmanova
et al. 2005; Kolár et al. 2007). Several processes are
known or believed to be involved in HPC-mediated
tissue protection; these include oxygen transport, energy
metabolism, neurohumoral regulation, redox balance,
stress protein and protein kinase signalling, adenosine
release, ATP-sensitive potassium channels, mitochondrial
function, control of calcium levels, and nitric oxide
production (Das & Maulik, 2006). However, the detailed
mechanism(s) underlying HPC remain to be elucidated; in
particular, the role of progenitor cells in this phenomenon
remains unknown.

Stem cell therapy has exciting potential in organ
protection, since the plasticity of progenitor cells may
allow them to positively remodel and/or regenerate viable
organ tissues, including those of the heart (Kucia et al.
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2005a). Among the various stem cells, haematopoietic
stem cells (HSCs) have shown particular promise
for conferring protection on and repair of damaged
tissue; however, studies researching the engraftment or
transdifferentiation of HSCs have led to controversy
concerning the mechanism(s) behind these promising
effects (Murry et al. 2004; Balsam et al. 2004). An
alternative approach is to manipulate the natural factors
responsible for the homing of bone marrow-derived
non-HSCs to the sites of injury (Kucia et al. 2005a,b). After
myocardial IR, circulating bone marrow-derived cells can
be detected in the peri-infarct region as endothelial cells
and myocytes; this strongly suggests the presence of local
chemotactic factors to guide cell homing to the injured
heart (Jackson et al. 2001; Murry et al. 2004).

Studies have shown that erythropoietin (EPO) not
only regulate erythropoiesis but activates a number of
signalling kinases in rescuing cardiomyocytes directly and
also modulates a host of cellular processes in pluripotent
stem cell development and angiogenesis in response to
cardiac injury (Maiese et al. 2005). In the rat model of
chronic heart failure, EPO treatment improved cardiac
function, and induced neovascularization requires the
enhanced expression of vascular endothelial growth factor
(VEGF) and the mobilization of the endothelial progenitor
cells (Westenbrink et al. 2007). Specific cardiac VEGF
induction in transgenic mice results in recruitment and
retention of bone marrow-derived circulating cells in close
proximity to angiogenic vessels, which is mediated by
stromal derived factor-1 (SDF-1) (Grunewald et al. 2006).
The overexpression of SDF-1 by vector transfection or its
early up-regulation in IR hearts has been shown to improve
ventricular function, suggesting that SDF-1 is an essential
factor for mobilizing stem cells (Askari et al. 2003; Tang
et al. 2005). Moreover, use of an antagonist against the
SDF-1 receptor CXCR4 to block the SDF-1/CXCR4 inter-
action reduces cell homing to the infarct heart (Abbott
et al. 2004). An SDF-1 concentration gradient across the
tissue appears to be the major mechanism for stem cell
homing to the damaged heart.

Here we test the hypothesis in a rat model of acute
myocardial infarction that if the cardiac concentration
gradient of SDF-1 or VEGF were increased by HPC via
EPO signalling, which is known to be involved in cardio-
protection (Cai et al. 2003; Parsa et al. 2003; Maiese
et al. 2005; Chan et al. 2007), CD34+CXCR4+ cells would
home to the heart and thereby improve function of the
postischaemic heart.

Methods

Animals

Female Wistar rats, weighing 200–220 g, were used.
All animal experiments and care were performed in

accordance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1996).
The Laboratory Animal Care Committee of Fu Jen
Catholic University approved all protocols in this study.

Induction of HPC

HPC was induced by maintaining rats in a chamber
constantly flushed with nitrogen to reduce the oxygen
content to 10% (Biospherix, Redfield, NY, USA) for 8 h per
day (09.00–17.00 h) and then returning to room air after
hypoxic induction, as previously described (Milano et al.
2002). The induction time is 6 weeks. The haematocrit
was measured every week from tail vein blood collected in
heparinized capillary tubes.

Induction of acute myocardial infarction

The rats were anaesthetized by intraperitoneal ketamine
(60 mg kg−1) and sodium pentobarbital (35 mg kg−1). The
rats were ventilated with room air at 60 breaths min−1 and
a tidal volume of 8 ml kg−1 after intubation. The rectal
temperature was maintained at 37◦C with a servo-null
heating pad. Left thoracotomy was performed under
aseptic conditions. The left anterior descending artery
close to its origin, about 3 mm away from the left coronary
ostium, was looped with 7-O Prolene (Ethicon Inc.,
Somerville, NJ, USA), as previously described (Chen et al.
2005). The looped stitch was snared for 40 min, and then
released. Ischaemia was confirmed by the appearance of
regional cyanosis on the epicardium distal to the ligation,
or by akinesia or bulging in this area. After ischaemia, the
thorax was closed under aseptic conditions and each rat
was returned to its own cage for recovery for 3 days.

Preparation of isolated perfused hearts

Rats were anaesthetized with sodium pentobarbital
(50 mg kg−1, I.P.), and blood was collected from the
abdominal aorta into a heparinized tube for further
analyses of cardiac enzymes, cell numbers and EPO
content. One millilitre of 500 IU heparin was immediately
given via the inferior vena cava. The hearts were
rapidly excised, weighed, and immersed in ice-cold
Krebs–Henseleit buffer, as previously described (Chan
et al. 2007). After a 30 min non-circulating perfusion
to remove the blood cells, the following were recorded
continuously and averaged for 20 min: the coronary
perfusion pressure at the aorta, the left ventricular
developed pressure (LVDP) measured by inserting a
water-filled latex balloon, and the heart rate (transformed
from the LVDP curve).
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Measurement of infarction

At the end of perfusion, the heart was weighed and sliced. A
middle slice was used to evaluate infarction, as previously
described (Chan et al. 2007). The slice was incubated
for 20 min at 37◦C in a 1% 2,3,5-triphenyltertrazolium
chloride (Sigma) solution to distinguish between the
infarct (pale) and viable (red) regions. Then, the tissues
from infarct area or the corresponding area in the left
ventricle were prepared for immunolabelling or stored at
−80◦C.

Creatine kinase-MB assay

The blood was centrifuged at 620 g and the plasma was
collected to measure the activity of creatine kinase-MB
(CK-MB) in an electrolyte analyser, as previously
described (Chan et al. 2007).

ELISA for EPO and VEGF

Quantitative immunoassays were used to determine
the level of EPO (Biomerica, Newport Beach, CA,
USA) and VEGF (Quantikine M murine, R&D Systems,
Minneapolis, MN, USA) in accordance with the
manufacturer’s protocol. The total protein in the blood
and in the homogenized tissue extracts was quantified by
a commercial kit (Bio-Rad, Hercules, CA, USA).

Detection of CD34+ or CXCR4+ cells in peripheral
blood

Peripheral blood (1 ml) was centrifuged at 1200 g with a
40% Ficoll solution to collect the white blood cells on the
top layer. After washing twice with phosphate-buffered
saline (PBS; pH 7.4), the cells were postfixed with
100 μl of 4% formaldehyde in PBS at room temperature
(RT) for 20 min. The cells were then incubated with
phycoerythrin-conjugated anti-CD34 (1 : 50 dilution,
BD Biosciences, Franklin Lakes, NJ, USA) and rabbit
anti-CXCR4 (1 : 200 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at RT for 1 h. Unbound anti-
bodies were washed twice with PBS, and CXCR4 was
further detected by a tyramide signal amplification (TSA)
kit after incubation with HRP-conjugated anti-rabbit IgG
(1 : 500 dilution, Jackson ImmunoResearch, West Grove,
PA, USA), according to the manufacturer’s instructions
(NEN Life Science, Boston, MA, USA). Nuclei were then
counterstained with DAPI. Fluorescence was examined
with an Olympus BX51 microscope (Tokyo, Japan)
equipped with a fluorescence image analytic system
(Diagnostic Instruments, Sterling Heights, MI, USA). The
total leukocyte count was further examined by Türk’s
solution.

In vitro study for EPOR antibody

H9c2 (2–1) cells (CRL-1446) were obtained from the
American Type Culture Collection (ATCC, Rockville,
MD, USA) and cultured in Dulbecco’s modified Eagle’s
medium (Biosera, Barcelona, Spain) supplemented with
10% (v/v) fetal bovine serum (Thermo Fisher Scientific,
MA, USA). Cells were plated at a density of about
0.6 × 104 cells cm−2 in 35 mm dishes and were grown
under 5% CO2 in a water-saturated incubator (NuAire,
Plymouth, MN, USA) as previously described (Parsa et al.
2003).

Control cells were fixed with freshly prepared 3%
paraformaldehyde in PBS for 10 min at 4◦C. After they
were washed with PBS, the cells were permeabilized
in PBS containing 0.5% Triton X-100 for 3 min and
blocked in 3% bovine serum albumin (BSA). The cells
were incubated overnight at 4◦C with rabbit polyclonal
antibody against EPO receptor (EPOR) (sc-697, Santa
Cruz) diluted in 3% BSA and then incubated with
rhodamine-Red-X-conjugated IgG at RT for 1 h. Nuclei
were counterstained with DAPI. The cells were mounted
with antifading solution and examined with a fluorescence
microscope as above. Negative staining was performed by
preadsorption of EPOR antibody with blocking peptide
(Santa Cruz).

To confirm the specificity of EPOR antibody used
in vivo, cells were treated with 5 U ml−1 of EPO or
combinations of EPO (5 U ml−1) and EPOR antibody at
5, 10, or 30 ng ml−1 for 1 h at 37◦C. Culture medium
was collected for lactate dehydrogenase (LDH) assay and
the cells were harvested for Western blot as previously
described (Ma et al. 2005).

Preparation of the mini-osmotic antibody-releasing
pump

The mini-osmotic pump (model 2004; Alzet, CA, USA)
was placed into a saline bath at 37◦C for 4 h before being
implanted subcutaneously into the rat, according to the
manufacturer’s instruction. The pump was carefully filled
with EPOR antibody (same as above) solution (200 μl) at
concentration of 0.2 μg μl−1 by using a Hamilton syringe
so as to avoid gas residue in the pump. The total amount
of antibody would be released in 28 days at a rate of 0.6 μg
per day. All procedures were implemented under sterile
conditions. The pump was filled with the same volume of
normal rabbit IgG (sc-2027, Santa Cruz) for the control
group.

RT-PCR for quantification of CD34 and CXCR4
expressions

The heart samples were taken from the left ventricles
in groups. More specifically, tissue containing infarct
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area was sampled in IR and HPC + IR hearts, but only
the corresponding area in control and HPC hearts was
taken. RNA was isolated with a Trizol kit (Invitrogen),
as previously described (Ma et al. 2005). Briefly, cDNA
was synthesized at 42◦C for 45 min using 5 μg each
of total RNA and poly(dT)15 oligonucleotide primer
(Invitrogen) and 200 units of reverse transcriptase
(Moloney murine leukaemia virus; Promega, Madison,
WI, USA). CD34 (XM223083) primers were as follows:
forward, 5′-AGT CCC AA GGA GAA AGG CTG-3′ and
reverse, 5′-TCA CAG TTC TGT GTC AGC CAC-3′. The
primer sequences for CXCR4 (U90610) were forward,
5′-ATG GGT TGG TAA TCC TGG TC-3′ and reverse,
5′-TGA TGA AGG CCA GGA TGA GA-3′, and those
for glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
XR007956) were 5′-TTA GCA CCC CTG GCC AAG G-3′

and 5′-CTT ACT CCT TGG AGG CCA TG-3′. PCR began
with a 1 min, 94◦C denaturation step followed by 40, 35,
and 30 cycles for CD34, CXCR4 and GAPDH, respectively,
at 94◦C for 30 s, 58◦C for 1 min, and 72◦C for 1 min.
The PCR products were electrophoresed through a 2%
agarose gel and visualized by ethidium bromide staining.
The densities of the bands were measured using an image
analytic system (Diagnostic Instruments) and the mRNA
levels were expressed as the ratio of CXCR4 or CD34 to
GAPDH.

Immunostaining for detection of protein expression

Western blot was performed as previously described (Chan
et al. 2007; Feng et al. 2008). In brief, total protein of
tissue or cell extract was prepared using a commercial
extraction kit (BioVision, Mountain View, CA, USA) and
was subjected to electrophoresis. Blotting was performed
on rabbit antibody against EPOR (Santa Cruz; 1 : 1000
dilution) and mouse antibodies against SDF-1 (1 : 2000
dilution; Santa Cruz) or actin (Biomeda, Plovdiv, Bulgaria;
1 : 2000 dilution). Activation of Akt and ERK was
assessed by using rabbit antibodies (Santa Cruz) raised
against phosphorylated and total protein (all at 1 : 2500
dilution). After washing, the membrane was incubated
with HRP-conjugated anti-mouse or anti-rabbit IgG anti-
body (Vector Laboratories Inc., Burlingame, CA, USA)
and the bound antibody was visualized using a commercial
ECL kit (Amersham Bioscience) and Kodak film. The
densities of the bands for EPOR, SDF-1, actin, pAkt, Akt,
pERK and ERK with respective molecular masses of 78,
10, 40, 70, 62, 44/42 and 44/42 kDa were determined using
an image analysing system (Diagnostic Instruments).

Tissue slices were frozen in Optimal Cutting
Temperature (O.C.T.) compound and SDF-1 expression
was detected by indirect immunofluorescent staining, as
previously described (Feng et al. 2008). Briefly, 5 μm
sections were fixed in 4% formaldehyde. After blocking

endogenous peroxidase, the goat anti-α-actinin antibody
(1 : 1000 dilution; Santa Cruz) was added and incubated at
RT for 1 h. FITC-conjugated rabbit anti-goat IgG (Jackson
ImmunoResearch) was applied for 1 h. After visualization
of α-actinin signal, the same section was further incubated
with an anti-SDF-1 antibody (1 : 500 dilution; Santa Cruz)
overnight. Rabbit anti-mouse or anti-goat IgG served as
negative controls (Jackson ImmunoResearch). The next
day, HRP-conjugated goat anti-mouse IgG was applied
for 1 h at RT, and the slides were developed with TSA kit.
Nuclei were counterstained with DAPI.

Statistical analysis

Numerical data are presented as means ± S.E.M.
Differences between groups were analysed using Student’s
unpaired t test or one-way ANOVA, with a post hoc test
using Duncan’s multiple-range test. Differences were
regarded as significant for P < 0.05.

Results

Effects of HPC on EPO

Rats adapted well to 10% oxygen, with no mortalities. The
weight gain in rats after 6 weeks of HPC was similar to that
of control rats (n = 16 for each group). HPC gradually
increased haematocrit levels in rats, with significant
increases observed after 2 weeks of HPC, and with a
plateau after 4–6 weeks (Fig. 1A). HPC also increased the
plasma and cardiac content of EPO (Fig. 1B and upper
panel in Fig. 1C), which remained significantly elevated at
all time points except at week 3 for plasma EPO. However,
the cardiac VEGF content was only significantly elevated
at the first 2 weeks after HPC induction (lower panel in
Fig. 1C).

HPC improves contractile function and reduces
cardiac damage by IR

The LVDP was attenuated in IR hearts, which was
associated with significant increases in infarct size and
plasma CK-MB levels (Fig. 2). HPC exhibited no effect on
these parameters in non-IR hearts, but largely improved
LVDP and significantly reduced infarction and CK-MB
release in IR hearts.

Changes in EPO and receptor expression after HPC
and IR

IR had no significant effect on the plasma EPO levels
(upper panel) but reduced the intracardial EPO content
(middle panel); this was associated with an increase in
intracardial VEGF content (lower panel) (Fig. 3A). HPC

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.23 Stem cell mobilization in chronic hypoxia 5761

markedly increased EPO levels in both cardiac tissue and
plasma, but not cardiac VEGF. Interestingly, IR augmented
the increased EPO level in plasma but did not significantly
affect the levels of EPO and VEGF seen in the HPC-treated
hearts.

We then examined the expression of EPOR in groups,
which is also expressed on non-hematopoietic cells such
as cardiomyocytes (Jones et al. 1990). HPC did not affect
EPOR expression compared to control, but it prevented
the IR-mediated EPOR reduction (Fig. 3B).

HPC increases CD34+ and CXCR4+ cells in peripheral
blood and hearts

In control blood, the expression of CD34 and CXCR4
in peripheral nuclear cells was largely colocalized
(Fig. 4A). CD34 and CXCR4 expression and the degree

Figure 1. Effects of HPC
A, changes in haematocrit (Hct) in control and HPC rats. N = 16 for
each group. B and C, changes in the plasma levels of EPO (B) and
intracardial levels of EPO and VEGF (C) after HPC. †P < 0.05 compared
to the control group at the same week.

of colocalization were increased in HPC compared
to control blood. Of the 1 × 105 cells examined, the
number of CD34+ or CXCR4+ cells in the HPC blood
was 248.7 ± 22.1 and 184.4 ± 18.5, respectively; both of
these values were significantly higher than those in the
control blood, which were 134.6 ± 16.5 and 96.4 ± 10.1
cells, respectively (n = 4). However, the total leukocyte
count was similar between the control and HPC blood
(14.8 ± 2.8 versus 14.3 ± 2.7 × 109 per litre, respectively;
n = 4).

CXCR4 mRNA, but not CD34 mRNA, was detected
in control hearts (Fig. 4B). Interestingly, HPC markedly
up-regulated both CXCR4 and CD34 mRNAs; this
suggests that HPC mobilized CD34-expressing cells with
CXCR4. CXCR4 mRNA levels were reduced in IR hearts,
which was associated with increased CD34 mRNA levels

Figure 2. HPC ameliorates functional impairment and cardiac
injury after IR
A, changes in LVDP in groups. B, the degree of infarction (middle) with
representative TTC-stained sections (upper), and release of the cardiac
enzyme CK-MB (lower). ∗P < 0.05 compared to the control (C) group.
†P < 0.05 compared to the IR group.
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compared with control. However, HPC treatment of IR
hearts restored the level of CXCR4 mRNA, and increased
CD34 mRNA to a level similar to that in HPC hearts.

HPC increases SDF-1 expression in heart

The cardiac level of SDF-1 was significantly increased
compared to control heart after IR or HPC, by

Figure 3. HPC increases EPO and prevents EPO receptor (EPOR)
down-regulation
A, changes in EPO and VEGF levels in plasma or cardiac tissue (n = 12
in each group). Note that HPC increased EPO in both heart and plasma
but not VEGF. B, the upper panel shows the representative blots for
EPOR and actin expression. The lower bar graph shows the ratio of the
density units (DU) of EPOR and actin (n = 6 in each group). ∗P < 0.05
compared to the control (C) group. †P < 0.05 compared to the IR
group.

86.2 ± 15.7% and 202.6 ± 47.2%, respectively (Fig. 5A).
Although the SDF-1 expression was low in the HPC + IR
compared to HPC hearts, its expression remained
> 2.1-fold elevated over control hearts (P < 0.05).
Immunofluorescent staining showed that SDF-1 was
expressed in the plasmalemma of cardiomyocytes with
a lesser intracellular distribution in control hearts, but
its expression was greatly increased and more widely
distributed in HPC hearts (Fig. 5B).

Antibody inhibits EPO signalling in H9c2
cardiomyoblasts

Figure 6A shows that EPOR was homogeneously expressed
in H9c2 cells. Pre-adsorption of EPOR antibody
(EPOR-ab) with blocking peptide eliminated immuno-
staining (Negative picture), confirming the specificity
of EPOR immunoreactivity. Because EPO is known to
stimulate three common cell signal pathways, namely
PI3K/Akt, ERK1/2 MAPK and Jak-STAT in cardio-
myocytes (Parsa et al. 2003), we then assessed ERK and
Akt activation (via phosphorylation) in the EPO-treated
H9c2 cells in the presence or absence of antibody.
Neither EPO nor combined treatment of EPO and
antibody affected cell morphology or viability by LDH
(Fig. 6B). EPO significantly increased Akt and ERK activity
(2.2-fold and 2.1-fold over control, respectively; P < 0.05).
However, antibody treatment dose-dependently decreased
Akt activity and totally abolished ERK activity induced by
EPO (Fig. 6C).

EPOR antibody abolishes HPC-mediated changes

The above results indicate the availability of EPOR anti-
body for neutralizing the biological effect of EPO in
vitro. We therefore used an EPOR antibody to specifically
block EPO signalling in HPC in vivo. The post-HPC
elevated haematocrit gradually returned to its pre-
induction (week 0) level at week 5 and 6 after antibody
intervention (Fig. 7A). Antibody treatment of HPC + IR
hearts decreased LVDP and increased infarction and
plasma CK-MB levels compared to untreated HPC + IR
hearts, suggesting that EPOR function is necessary for
HPC-mediated protection in IR hearts (Fig. 7B). The anti-
body significantly reduced mRNA expressions of CXCR4
and CD34 in HPC + IR hearts compared to untreated
hearts (Fig. 7C and D), and also reduced SDF-1 expression
in HPC + IR heats (Fig. 7E). The number of CD34+ and
CXCR4+ cells in the HPC + IR blood was 254.6 ± 24.2
and 196.0 ± 20.3 cells per 105 leukocytes, respectively;
both were significantly reduced by EPOR antibody, to
119.8 ± 13.2 and 88.7 ± 11.9 cells per 105 leukocytes,
respectively (n = 4). The total leukocyte count was similar
in both blood samples.
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Figure 4. CD34 and CXCR4 expression in the peripheral blood cells and in hearts
A, representative pictures showing the CD34 (red), CXCR4 (green), and nucleus (DAPI, blue) staining in peripheral
blood obtained from one control and one HPC rat. The colocalization signal is indicated by arrowheads in the
merged picture. Magnification at 100×. The inset pictures in the DAPI image show the colocalization of CD34,
CXCR4, and nucleus at high magnification. Horizontal bar = 100 μm. B, the upper panel shows representative
blots for the mRNA expression of CXCR4 (224 bases), CD34 (492 bases), and GAPDH (535 bases) (n = 2 for each
group). Lower bar graph shows the ratio of the DUs for CXCR4 and CD34 compared with GAPDH, respectively
(n = 5 for each). M, 100 bp DNA ladder. NTC, ‘no template control’ indicates that the primers were replaced by
diethylpyrocarbonate water during PCR. ∗P < 0.05 compared to the control group. †P < 0.05 compared to the IR
group.

Discussion

Here we demonstrated for the first time that
EPO-mediated progenitor cell mobilization was associated
in the protection of chronic intermittent hypoxia-exposed
hearts. Increased levels of circulating CD34+CXCR4+

cells and myocardial expression of SDF-1 accompanied

Figure 5. HPC increases SDF-1 expression in hearts
A, representative blots in the upper panel show SDF-1 and actin expression. Lower bar graph shows the ratio
of the DUs of SDF-1 and actin for n = 5. ∗P < 0.05 compared to the control (C) group. †P < 0.05 compared to
the IR group. B, representative figures showing SDF-1 expression (red) in the control and HPC hearts at 400×
magnification. The tissue sections were double stained with α-actinin (green). SDF-1 or α-actinin antibody replaced
with a rabbit anti-mouse or anti-goat IgG, respectively, served as a negative control (Negative pictures). Nuclei
were counterstained with DAPI (blue). Horizontal bar = 100 μm.

the HPC-mediated reduction of myocardial infarction.
These effects were mediated by EPO, since treatment
with an antibody against EPOR markedly blocked these
effects (Fig. 8). There is no denying that progenitor
cell mobilization seen in this study may be one of
the phenomena in HPC and is possibly unrelated to
HPC-mediated protection against myocardial injury.
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Figure 6. Inhibition of EPO receptor (EPOR) in H9c2 myoblasts
A, left, representative micrograph showing that EPOR was expressed in H9c2 cells. Right, negative picture
shows the specificity of EPOR immunoreactivity demonstrated by preadsorption of EPOR antibody with blocking
peptide. B, representative micrographs showing cell morphology by phase-contrast in control (untreated) cells,
cells treated with 5 U ml−1 of EPO (+EPO), or combination with 5 U ml−1 of EPO and 30 ng ml−1 of EPOR antibody
(+EPO/+EPOR-ab) at 400× magnification. Nuclei were counterstained with DAPI (blue). Horizontal bar = 10 μm.
Bar graph shows cell viability in different treatments by LDH. C, representative blots in the upper panel showing
pAkt, Akt (left), pERK, and ERK (right) expression. Lower bar graph shows the ratio of DU of phosphorylated
and total protein for n = 4. ∗P < 0.05 compared to the untreated group. †P < 0.05 compared to the EPO-treated
group.
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The dose of antibody given in vivo is approximately
similar to that tested in the in vitro culture system at
∼30 ng ml−1. At this dose, both Akt and ERK activation
by EPO were totally abolished, and were also significantly
reduced when antibody was given at lower doses (Fig. 6),
indicating that the antibody is indeed working specifically
as a neutralizing antibody.

Figure 7. EPO receptor antibody (EPOR-ab) abolishes HPC-mediated functional protection in IR hearts
A, EPOR-ab given 3 weeks (indicated by arrow) after HPC reduced the haematocrit. ∗P < 0.05 compared to week
0, i.e. before HPC induction. B, changes in LVDP, infarction with representative TTC-stained cardiac sections,
and plasma CK-MB in untreated HPC + IR hearts or in hearts treated with EPOR-ab (n = 7 for each). ∗P < 0.05
compared to the HPC + IR group. C–E, upper representative blots showing CXCR4 mRNA, CD34 mRNA and SDF-1
protein expressions in 4, 7 and 3 hearts of each group, respectively. Lower bar graph shows the ratio of the DUs
for CXCR4 and CD34 to GAPDH (n = 7 for each) and SDF-1 to actin (n = 6). M, 100 bp of DNA ladder. NTC, no
template control. ∗P < 0.05 compared to the HPC + IR group.

The repeated hypoxic episodes interspersed with
normoxia used in this study is termed chronic inter-
mittent HPC (Neubauer, 2001). This model has been
widely used to study the role of HPC in cardiovascular,
respiratory and metabolic adaptations (Neubauer 2001).
The main feature of HPC that was apparent in the present
study was an increased haematocrit (Fig. 1A). Although
long-term HPC is known to have detrimental effects on the
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cardiovascular system, leading to hypertension and
vascular problems (Prabhakar, 2001), our present results
indicated that HPC protected hearts against IR injury
(Fig. 2). This is consistent with previous studies in
hearts that used similar hypoxic episodes to study cardio-
protection (Dong et al. 2003; Zhu et al. 2006; Yeung
et al. 2007). Repeated reduction of tissue oxygenation
during HPC stabilizes the α subunit of the transcription
factor HIF-1 (Semenza, 2000). As a result, a number
of hypoxia-responsive genes are induced, and two
important targets in this process are EPO and VEGF
(Maloyan et al. 2005). Our results were consistent
with these findings, as we observed the elevation of
EPO or VEGF in plasma or in cardiac tissues (Figs 1
and 3).

Although we did not study the role of HIF-1α in
HPC-mediated cardioprotection, a study in mice that
lack an allele at the Hif1a locus showed that EPO mRNA
expression in the kidneys is not induced by intermittent
hypoxia, and that this mutation abrogates the consequent
cardioprotection (Cai et al. 2003). Here, blocking EPO
function through EPOR antibody completely abolished
HPC-mediated protection, thereby demonstrating the
importance of EPO in this process (Fig. 7). Highly sensitive
mRNA detection methods have previously revealed that
EPO mRNA is expressed in heart (Fandrey, 2004). Other
studies have also suggested that EPO may be necessary for
proper cardiac morphogenesis (Wu et al. 1999). No study
to date has clearly shown whether intracardial EPO mRNA
affects EPO protein synthesis or cardiac function, although
bone marrow-expressed EPO appears to be involved
in autocrine or paracrine regulation of erythropoiesis
(Fandrey, 2004). In the present study, cardiac EPO levels

Figure 8. Schematic diagram showing how HPC protects the
heart against IR injury
VEGF increased by HPC probably contributes to cardiac
neovascularization in early induction. Cardiac EPO and plasma EPO
levels are persistently increased by HPC, following which EPO increases
SDF-1 expression in the infarct heart (grey area) and also increases
circulating CXCR4+/CD34+ cells to subsequently mobilize to the injury
heart. The effect of increased EPO in HPC rats could be specifically
blocked by administration of EPO receptor antibody (EPOR-ab).

were markedly increased by HPC, strongly supporting
the notion that EPO may act by an autocrine/paracrine
mechanism to protect hearts against IR. However, since
EPO was also increased in circulation, we cannot rule out
the possibility that EPO in the heart was derived from
plasma, thereby protecting the heart via an endocrine
mechanism (Fig. 1). Previous studies have also questioned
whether EPO from the heart itself can protect the myo-
cardium from IR injury, as can be achieved by systemic
EPO (Cai et al. 2003). Additional studies are therefore
required to clarify this.

Unlike the persistent elevation of EPO in hearts, our
results showed that VEGF only increased at 1-week HPC
and then gradually returned to the control level (Fig. 1C).
This is consistent with previous findings of Partovian et al.
(1998), who showed that there is a 5-fold increase in
VEGF mRNA in left ventricle after rats were exposed
to 11% oxygen for 1 day, but a prolonged exposure
returned its level to baseline. These results imply that the
expression of the cardiac VEGF gene is rather insensitive
to chronic hypoxia when compared to the EPO gene.
But, the increased VEGF at early induction of HPC still
plays an important role for cardiac adaptation in HPC
since VEGF increase has been shown to be well correlated
with neovascularization in hearts (Westenbrink et al.
2007). Here we showed that the VEGF level was increased
in IR hearts but was unchanged in HPC + IR hearts
(Fig. 3). This is contrary to the findings of Westenbrink
et al. (2007), who showed that EPO treatment increased
VEGF expression after myocardial infarction of 9 weeks.
Different sources of EPO increase, the level of oxygen
tension, and the degree of myocardial injury may probably
account for the discrepancy in VEGF induction. However,
we speculate that transient severe ischaemia is a potent
stimulus for VEGF induction or makes cardiomyocytes
more susceptible to exogenous EPO treatment rather than
chronic mild hypoxia.

HPC up-regulated SDF-1 more than IR did (Fig. 5A).
This could be explained by the different effects of chronic
mild hypoxia and transient severe ischaemia on SDF-1
expression. However, the possibility that cardiomyocyte
loss during IR affected SDF-1 expression cannot be ruled
out, since SDF-1 expression in HPC + IR hearts was lower
than that in HPC hearts (Fig. 5). The effect of HPC
on SDF-1 depended on the EPO system, as EPOR anti-
body blocked SDF-1 up-regulation (Fig. 7). Although
our study did not examine the mechanisms by which
EPO increased SDF-1, studies have shown that cytokines
or growth factors target SDF-1 to orchestrate the stem
cell-driven repair process (Vandervelde et al. 2005). As
a cytokine or growth factor, EPO may therefore affect
SDF-1 expression directly. This observation is consistent
with a previous study showing that EPO induces SDF-1
release from platelets and contributes to ischaemic limb
neovascularization (Jin et al. 2006). Moreover, SDF-1
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induced by VEGF was seen in the formation of angiogenic
vessels during wound healing (Grunewald et al. 2006) and
SDF-1 treatment up-regulated VEGF in the postischaemic
hearts (Saxena et al. 2008). Further studies are required to
clarify the relationship between SDF-1 and VEGF in HPC.

Interestingly, SDF-1 induction in ischaemic tissues has
been shown to be directly proportional to the reduction
in oxygen tension in vivo (Schioppa et al. 2003). The mean
oxygen tension in the human bone marrow is ∼52 mmHg,
compared to 85–105 mmHg in the arterial blood (Ishikawa
& Ito, 1988), indicating that the bone marrow niche
is hypoxic. This suggests that hypoxia-regulated SDF-1
function is a fundamental requirement for progenitor cell
trafficking (Kumar et al. 2004; Burger & Kipps, 2006).
The HPC applied here may have created a conditional
environment in hearts that enhanced the recruitment
and retention of circulating progenitor cells through
SDF-1 function. Though it is unknown whether SDF-1
up-regulation in HPC hearts is tissue-specific, as a stress
signal SDF-1 efficiently circles and amplifies the low
oxygen environment of postinjury cardiomyocytes and
helps sensing of the damaged tissue by circulating stem
cells (Abbott et al. 2004). Consistent with this notion,
IR increased SDF-1 in the infarct tissue and mobilized
CD34+ cells (Figs 4 and 5). But the recruited cells showed
low CXCR4 expression in the IR hearts (Fig. 4), which
probably limited the anchoring of these CD34+ cells to
the injured heart together with low SDF-1 expression.
However, HPC largely increased circulating cells expressed
with both CD34 and CXCR4 in HPC + IR heart
(Fig. 4). Up-regulation of cardiac SDF-1 expression by
transplantation of SDF-1-overexpressing fibroblasts or
by viral infection can increase stem cell infiltration
(Askari et al. 2003; Abbott et al. 2004). Protection of the
postischaemic heart by HPC therefore predominantly
relies on the enhanced function of SDF-1 and consequent
recruitment of progenitor cells.

Another explanation for the SDF-1 up-regulation
shown in Fig. 5 is reduced SDF-1 catabolism in
HPC-treated hearts. Proteolytic cleavage is associated
with SDF-1 inactivation, as has been demonstrated by
several degrading enzymes (Petit et al. 2002), including
the matrix metalloproteinases (MMP)-2 and MMP-9 that
cleave the N-terminus of SDF-1 (McQuibban et al. 2001).
Interestingly, a previous study by our laboratory showed
that EPO prevents IR-mediated increased expression
of MMP-2 and MMP-9 in the isolated perfused heart
model through ERK activation (Chan et al. 2007). It is
therefore reasonable to speculate that HPC may promote
SDF-1-induced cell chemotaxis in the extracellular matrix
component, a process that is disrupted in IR injury
by enhanced MMP-2 and MMP-9 levels. Inhibition of
EPOR function by specific antibodies also attenuates the
HPC-preserved SDF-1 expression in IR hearts (Fig. 7).

Transcripts of CXCR4 but not CD34 were found in
control hearts, consistent with previous results showing
that CXCR4 is present at the plasmalemma of rat cardio-
myocytes (Segret et al. 2007). Without CD34, CXCR4
expression in the normal heart probably plays a role
in calcium homeostasis regulation, as was previous
suggested (Segret et al. 2007). Our results show that rats
exposed to HPC had increased numbers of circulating
CD34+CXCR4+ cells (Fig. 4). This was consistent
with the notion that reducing oxygen tension to 5%
augments the production of erythroid, megakaryocytic
and granulocytic-monocytic cells in bone marrow stroma
(Kumar et al. 2004). In different cell types, Schioppa et al.
(2003) have shown that 1% oxygen largely up-regulates
the surface expression of CXCR4, which is sustained
for several hours after reoxygenation. They also showed
that HIF-1α interacts with the CXCR4 promoter and
increases its mRNA expression, although this was not
seen in HIF-1α knockout mouse embryo fibroblasts
(Schioppa et al. 2003). Because enhanced HIF-1α function
is known to participate in HPC-mediated adaptations
(Neubauer, 2001), we speculated that HIF-1α may target
to CXCR4 during HPC, directly regulating CXCR4
expression. Besides HIF-1α, CXCR4 expression in various
cells and tissues can be attenuated by IL-4 and IL-5 and
up-regulated by stem cell factor, IFN-γ, growth factors
and steroids (Salcedo et al. 2003; Shi et al. 2007). In
this study, EPO exerted the same stimulating effects
on CXCR4 expression, since blockade of EPO function
by antibody reduced the homing of CD34+CXCR4+

cells into injured hearts and subsequently impaired their
functional recovery (Fig. 7). However, further studies
are required to elucidate the precise effect of EPO on
regulating CXCR4. Though the present study offers no
data regarding how the SDF-1/CXCR4 axis affects myo-
cardial recovery, previous studies have shown that bone
marrow-derived CD34+CXCR4+ cells act as smooth
muscle or endothelial progenitor cells in ischaemic tissue
for neointimal formation after vascular injury (Kucia et al.
2005a). Consistent with the recent findings, studies have
shown that EPO induced improvement of cardiac function
in the models of doxorubicin-induced cardiomyopathy,
and chronic heart failure mostly relied on the increased
mobilization of endothelial progenitor cells (Hamed et al.
2006; Westenbrink et al. 2007).

In conclusion, the present study demonstrates
a crucial role of EPO-regulated SDF-1 expression
in the mobilization and possible incorporation of
CD34+CXCR4+ cells into the infarct myocardium in HPC.
The therapeutic potential of EPO has been noted in a
variety of cardiovascular disorders including myocardial
IR (Maiese et al. 2005); thus, these results broaden the
therapeutic value for clinical application of EPO in the
treatment of cardiac diseases.
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